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The U.S. EnvJroraent&l Protection Agency baa developed rour 
accelerated global sea level rise scenarios to the year c100: lov, 
mid-range lov, mid-rar.ge high, and high. Tne pnysical impact ot the 
lov and mid-range high scenarios on the beaches and coastal 
structures at Sea Bright, Nev Jersey, was inve3tigated. Sea Bright 
occupies a six kilometer long section of the barrier island Just to 
the south ot Sandy Hook. The ocean shoreline is protected by a 
stone seawall and occasional pocket beacnes held by groins; however, 
owing to a deficit in the littoral drift to the north, approximately 
60 percent of the seawall is fronted by little or no beach. 
The increases in erosion and flooding that would occur as sea 
level rises were investigated for the two scenarios. Using the 
predictions of future erosion, the quantity and cost of sand 
necessary to maintain a design beach with a 15 .2-meter berm width 
were investigated. Appropriate designs and costs for upgrading the 
seawall to survive the two scenarios are presented. Finally, the 
impact of no future protective works being implemented was 
investigated. 
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1. IITRODOCTIOI 
1.1 Related In,est1gat1ona 
Recent historic trends or the yearly mean sea level ror various 
U.S. coastal locations have been reported by Hicks, et al. (1983). 
The measured sea level heights are reported relative to the 
elevation of the adjacent land. The relative sea level trend at any 
location is typically influenced by global sea level fluctuations 
and local envirorDental and geologic errects such as land emergence 
or submergence, river discharge, and climatic variations. Several 
researchers have studied sea level data and have generally concluded 
that the average global sea level has been rising (Table 1). The 
basic difference in the results of their studies is in the specific 
value of the sea level rise. However, most of the estimates range 
from 10 to 15 centimeters of rise during the past century (Barnett, 
1983 and Gornitz, et al., 1982). 
The global rise in sea level can be attributed to a global 
warming trend that is causing an increase in the volume of oceanic 
waters due to thermal expansion of the water (Gornitz, et al., 
1982). The melting of glaciers and polar ice caps will also cause 
sea level to rise. The global warming is largely a result of 
increasing concentrations of atmospheric carbon dioxide (Charney, 
1979), methane, nitrous oxide, chlorofluorocarbons, and other gases 
(Hoffman, et al., 1983). This phenomenon has been termed the 
•oreenhouse £treat.• 
Considering changes in the social and natural syateaa that 
could influence the ruture climate and hence sea level, the u. s. 
Environmental Protection Agency (EPA) has developed four accelerated 
global sea level rise scenarios to the year 21u0: low, mid-range 
low, mid-range high, and high. These scenarios are presented in 
Table 2 and plotted in Figure 1 (Hoffman, et al., 1983). Assuming 
an estimate of the recent past historic global sea level rise to be 
12 centimeters per century, a linear projection or this rate is also 
shown for comparison in Figure 1 • 
1.2 Present Study 
The purpose of this study is to assess the impact of the 
postulated sea level rise scenarios on beach erosion and shoreline 
protection measures at a selected site. At the recommendations of 
the New Jersey Department of Environmental Protection, EPA, and the 
U.S. Army Corps of Engineers, Sea Bright, New Jersey, was chosen as 
the case study site. Sea Bright occupies a section of the narrow 
barrier island south of Sandy Hook. The ocean shoreline is fronted 
by a stone seawall and occasional pocket beaches held by groins. 
The bay shoreline is bulkheaded. 
Two basic questions arise when loolc1ng at future impacts of sea 
level rise: ( 1) Considering the typically long lifetimes of many 
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coastal proJecta (e.g. 50 yeara), should a present deaign 
incorporate an allowance ror the accelerated 3ea level riae 
projected ror the ruture? and (2) Considering the range or poaaible 
values of the ruture sea level, now valuable is it to aore 
accurately predict the future trends? 
Using two of the four accelerated sea level rise scenarios, the 
following impacts were investigated: (1) The increases in shoreline 
erosion and coastal flooding resulting from the two scenarios. For 
this analysis, it was assumed that no additional shoreline 
protection measures were implemented other than those currently 
authorized (see section 2.5). (2) The quantity and cost ot sand 
necessary to maintain a beach at Ilea Bright for the next century. 
(3) Modifications, if any, to the existing shore protection 
structures and the costs of these modifications to provide for safe, 
stable structures. ( 4) Finally, the costs and impacts of any other 
approprlate shoreline protection measures. Where appropriate, 
comparisons are made between any estimates resulting from the 
accelerated sea level rise and corresponding estimates using the 
linear projection of the recent historic rate of sea level rise. 
~. CASE S?VD? AREA - SEA BRIGHT, l!V JERSEY 
2.1 Description 
Sea Bright 13 loc:ated in the Northern region or the Nev Jersey 
barrier island system (Figure 2). Sandy Hook Gateway National 
Recreation Area is to the north and the city or Monmouth Beach is to 
the south. The open coast shoreline within the city liJIJ.ts h 6.05 
kilometers long. 
and 375 meters. 
The width or the barrier island varies between 100 
The land elevation varies between + 1.5 and +3 .5 
meters (Hean Low Water). Unless stipulated otherwise, all 
elevations throughout this report will be referenced to Mean Low 
Water (MLW), 1984. 
This particular section of coastline is heavily structured with 
approximately lj5 percent of the ocean shoreline protected by a 
rubble mound stone seawall. A concrete cap and grouting has been 
aaded to certain sections of the seawa.U. The remaining ocean 
shoreline is fronted by timber bulkheads or has been left 
unprotected. A large number of groins have been constructed in the 
area; however, many of them have deteriorated to the extent that 
they are ineffective in trapping sand and keeping a beach seaward of 
the seawall. Figure 3 shows the extent and location of the seawall 
and major groins. Based on 1982 aerial photographs supplied by the 
New Jersey Department of Environmental Protection, Division of 
Coastr.l Resources, approximately bO percent of the seawall is 
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fronted by little or no beach. Saiall pocket beache:s do exist on the 
updrift side of several groins. Several larger groins are effective 
in keeping a beach Just to the north or the •public beach• area or 
the city. 
2.2 History of Shoreline Structures 
The State of New Jersey began providing technical and financial 
assistance to municipal! ties for shore protection measures in the 
early 1920s. However, earlier construction projects were performed 
by individuals and local groups (U.S. Army Corps of Engineers, NY, 
1984). 
2 .2 .1 Seawall 
l'he first section of seawall was constructed in 1898. This 
rubble mound structure was located along the northern most 730 
meters of the Sea Bright shoreline. The wall was built with a crest 
elevation of +5 .2 meters and a crest width of about 3 .o meters. 
Proceeding south, the next 2740 meters of seawall was constructed in 
1947. Tnis section was built with a crest elevation of +5.4 meters 
and a crest width of over 3 .o meters. The southern 1660 meters of 
seawall was constructed in the 1950s with a crest elevation ranging 
fraa +4.3 to +4,9 meters and a crest width of 2.3 meters (U.S. Army 
Corps of Engineers, NY, 1984) (Figure 4). Several portions of the 
seawall have been rebuilt throughout the years. Figure 5 shows the 
approximate locations and dates for some of the more recent 
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reconstruction projects. According to bJ.ueprints obtained rrom the 
New Jersey Department or Enviromental Protecton a typical section 
or the reconstructed seawall has a crest elevation or +b.1 meters 
and a crest width or about 3.7 meters (Figure 6). 
2.2.2 Groins 
The construction of groins followed the construction of the 
seawall. The Central Railroad of New Jersey constructed a series of 
30 groins in the Normandie Beach area in 1913 (U.S. Army Coastal 
Engineering Research Center, 1964) (Figure 2). These timber groins 
were uniformly spaced and were low enough to permit sand to pass 
over the top. Larger stone groins have been subsequently 
constructed throughout Sea Bright. Several of these groins were 
initially constructed at an angle to the shore but have been 
realigned normal to the shoreline. A s1111mary of the existing groins 
in Sea Bright is reproduced from a Corps report (U.S. Army Corps of 
Engineers, NY, 1984) and presented as Table 3 of this report. 
Figure 3 is to be used in conjunction with Table 3 for groin 
identification. Remnants of previous timber groins are noticable 
within the study area. However, they are so severely deteriorated 
that they are completely ineffective. 
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2.2.3 ea,a1de Struoturea 
Approximately 70 percent or t.be blyside or tbe barrier island 
is lined vitb timber bulkbeading. These bulkheads have a typical 
elevation between +1.5 and +2.0 meters. Many or these structures 
are also severely deteriorated. 
2.3 Littoral History 
Waves, shore currents, and vinda can transport a potential 
amount ot sediment past a certain coastal site. The actual amount 
or sediment wbicb 1a moved paat a point may or 11ay not be equal to 
this potential longsbore transport rate, depending on the actual 
volume ot sand available tor transport. Sbore protection structures 
on adjacent updritt shorelines could decrease the quantity ot 
sediment available for transport past a certain point. For a 
section of shoreline to be in equilibrium, the volume of sediment 
coming into a section must balance the volume ot sediment leaving 
the section. If there is a detici t in the volume of sediment 
arriving at the section from upcoast, the potential for sediment 
transport would not be met and shoreline erosion will generally 
occur. The construction of groins may artificially hold a section 
of shoreline in equilibrium without the potential tor longshore 
sediment transport being completely satisfied. However, the erosion 
problems are simply transferred downdr1ft. 
Caldwell ( 1966) has estimated the net littoral potential for 
the Sea Brigbt area to be 377,000 cubic aetera per year to the 
nortb. Shoreline protection meaaurea updritt (to tbe aoutb or Sea 
Brigbt) have probably cauaed a deficit in tbe aediment supply to the 
study area. Allen ( 1981) estimates that the shore protection 
structures have decreased the lonphore aediment inputs to Sandy 
Hook by 100,000 cubic meters per year. The result baa been beach 
erosion and shoreline recession at Sea Bright. Froa a review ot 
bydrographic beach surveys conducted in 1953 and 1983, the long-term 
erosion rate at Sea Bright and Monmouth Beach is estimated to be 
52,400 cubic meters per year (U.S. Army Corps of Engineers, NY, 
1984). Assuming this erosion rate can be separated into components, 
each proportional to the fraction of the combined shoreline within 
each of the two cities, the long-term erosion rate at Sea Bright was 
taken as 70 percent or the total or 36,700 cubic meters per year. 
The Corps report also indicates an average annual shoreline 
recession rate of 0.85 meters per year for the study area. This 
average value is from the 30-year survey comparison of the position 
of MLW. Considering only the changes in the position of MLW for Sea 
Bright, the average annual shoreline recession is 0.38 meters per 
year. 
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2., A,ailable Data 
Beach transect and coat data were available for the Borougb or 
Sea Brigbt. However, tor some or the subsequent analyses in this 
report, data from Sandy Hook waa assumed applicable at Sea Bright. 
Considering the proximity or the two locations, this assumption is 
reasonable. The following is a summary or the data applicable at 
Sea Brigbt. 
2.,.1 Recent Sea Le,el Trends at Sandy Hook, NJ 
Hicks, et al. (1983) present the recent sea level trend at 
Sandy Hook, NJ, (Figure 7) based on tide data collected continuously 
since 1933. A line drawn through the data yields a recent historic 
sea level rise or approximately 45 centimeters per century. This 
includes both the global and local effects discussed earlier. 
Assuming a historic global sea level rise of 12 centimeters per 
century, the local influences would contribute approximately 33 
centimeters per century to the total rate of sea level rise for 
Sandy Hook. 
2.,.2 Datuas 
Several possible datums are encountered when undertaking 
projects in a coastal region. It would be convenient if all 
available data could be referenced to one common datum. The 
following datum conversions are presented for Sea Brigbt. Mean Sea 
Level (MSL) is 0.70 meters above Mean Low Water (MLW). The National 
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Ueodetio Vertical Dat111 or 1929 (NOVD) is 0.48 meters higher than 
HLV ( 1984). A:s sea level rises, it is assumed that the difference 
between HSL and HLW will remaJ.n constant. In other words, the 
vertical position or HLW v ill rise an amount equal to that or the 
propo:sed rise .in sea level. Tnh a:s:sumes that the tidal range 
remains constant, although it 15 likely that the tide range will 
change slightly with an increase in :sea level. It is obvious that 
the difference in elevation between NGVD and HLW will change as the 
sea level rise occurs. Elevations in this report will be referenced 
to HLW (1984), unless noted otherwise. 
2.,.3 Beach Transects 
Recent beach transect data is also available. Alpine Ocean 
Seismic Survey , Norwood, NJ, conducted beach transects in Sea 
Bright during the period November 22-23, 1983. The transects were 
conducted along four pre-existing profile lines originally 
established by the U.S. Army Corps of Engineers, NY District. 
Figure 8 shows the locations of the four transects: line numbers 8, 
9, 10, and 11. Tables 4 through 7 list the starting coordinates, 
azimuths, and profile data for the 1983 beach transects. The Corps 
compared the 1983 transect data and data from a 1953 survey to 
determine the volumetric and contour changes that had occurred over 
the 30-year period (U.S. Army Corps of Engineers, NY, 1984). 
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~.,., Water LtYtl Frequ1nci1a 
Various investigators nave developed tide and storm surge level 
frequency curves for the New Jer:sey coa:stline. The methods used 
range from simple graphical extrapolation of water level records to 
sophisticated hydrodynamic computer models, such as the one 
developed by Tetra Tech, Inc. (Dewberry & Davis), Two of the many 
frequency curves were considered for use in this study: (1) a set ot 
open-coast stillwater profiles recommended by Dewberry & Davis after 
their review of existing sets or frequency data, and (2) a curve 
obtained t'rom the u. s. Army Corps of Engineers, NY. This latter 
frequency curve is computer generated for Sandy Hook from a storm 
surge model (WHlf) developed by the U. s. Army Coastal Engineering 
Research Center, considering the possibility or extreme events such 
as northeasters and hurricanes (U.S. Army Coastal Engineering 
.Research Center, prepared for U.S. Army Corps or Engineers, NY, 
study to be completed). 
The two stage-frequency relationships are compared in Figure 9. 
The curve obtained from the Corps predicts higher water levels for a 
given storm return period. Because the WIFH model includes extreme 
events such as hurricanes and northeasters and since the higher 
water level elevations for a given storm might represent a "worse 
case" situation, the Corps surge plus tide frequency curve was used 
in predicting the increased flooding that would occur as a function 
of a proposed sea level rise. As with the tide range, the changes 
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1n surge generation capabilities or a given storm owing to bigber 
sea levels was not oonsiderea. Deeper water will lower tbe 
resulting surge ror a given storm, thus the curves in Figure 9 are 
slightly conservative. 
2.,.5 WaH Data 
Wave information from Sandy Hook is available for application 
at Sea Brisnt. lbe U.S. Army Engineer Waterways Experiment Station 
developed hindcast significant wave height data utilizing 20 years 
( 1956-1975) of deepwater numerical hindcast data and a numerical 
transformation technique to transfer the wave data to the nearshore 
zone (Jensen, 1983). lbe significant wave height, H5 , is defined as 
tbe average height of the one-third highest waves for a given wave 
record (Hunk, 19Jl4). The average H s for Sandy Hook was found to be 
0 .JJ2 meters and the largest, 3. 7 meters. The resulting wave rose 
diagram for Sandy Hook, Figure 10, shows tnat the majority of waves 
approach the study area shoreline from the southeast. Figure 11 
shows the frequency analysis for the hindcast significant wave data 
fraa all directions. 
Theoretical averages of a higher fraction of waves can be 
obtained if one assumes that the wave height variability follows the 
Rayleigh distribution function (U.S. Army Coastal Engineering 
Research Center, 1975). The average of the highest 10 percent of 
the waves, H10 , can be taken as 1.27 times H5 • Similarly, H1, the 
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average or the highest 1 percent ot the waves, would be 1.67 tilllea 
H8 • Tbe reported wave heights are for a water depth of 10 meters. 
The nearshore wave heights could possibly be higher due to shoaling 
or lower due to breaking. 
2.,.6 Coat Intoraation 
Recent cost information for beach nourishment sand and 
components of the shoreline structures is available for use within 
the study area. A cost estimate of $7.85 per cubic meter for beach 
rill was adapted from a recent Corps report (U.S. Army Corps of 
Engineers, NY, 1984). This estimate was partially established by 
considering the cost of $6.54 per cubic meter of fill material from 
a land source. But, because of the large volume of sand required, it 
is highly unlikely that a land source will be used for a nourishment 
project. Thus, the unit cost estimate also includes an allowance of 
$1.31 per cubic meter for the use of a booster pump in dredging from 
the proposed offshore borrow areas investigated by the Corps ( u. S. 
Army Corps of Engineers, NY, 1984). 
Costs .t'rom recent seawall reconstruction projects were supplied 
by the New Jersey Department of Environmental Protection, Division 
of Coastal Resources. The unit cost information for certain 
construction materials is shown in Table 8. 
Cost information was also obtained for the use of concrete 
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CIOloaae aa 1r11or protection ror rubble struoturea. Tbe 1,.s-aetrio 
ton steel reinforced concrete doloase were uaed in the recent 
rehabilitation ( 1979-1982) or the Jettie:, at Manasquan, NJ, at an 
esti=ated cost or 12000 per unit (personal contact with Hr. Angelo 
Capuzzi, U.S. Army Corps or Engineers, Phila., 1984). The estimate 
includes the rol'lling, hauling, and placement costs tor a 1-.5-metric 
ton concrete dolos. 
Sorensen, et al. (198~) present coat estimates tor bulkheaded 
construction. These estimates were used in tbis report. 
2.5 Authorized Projects 
2.5.1 1958 Project 
A beach restoration project was authorized for Sea Bright in 
1958 (U.S. Army Corps of Engineers, 1958). The project provided 
for federal participation, both technically and financially 
(approximately 20 percent of the costs for publicly owned shorelines 
in Sea Bright), in the construction of new groins and the extension 
of some existing groins, along with a beach nourishment scheme. Tbe 
design beach was to have a berm width of 30.5 meters at an elevation 
of +3 meters. The allowance for federal participation in the future 
maintenance nourishment projects was for a period of 10 years from 
the time the beach restoration to project dimensions was completed. 
The initial authorization for federal participation in periodic 
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beach nourishment was limited to 10 years to permit re-evaluation ot 
benet1ts, methods, and tecbniques. The restoration project vaa to 
provide beaches tor recreational use, to protect adjacent property, 
and to reduce maintenance costs tor the existing structures. 'lbe 
project was never funded by Congress. 
2.5.2 Reanalysis ot 1958 Project 
A reanalysis or the conditions in the study area was undertaken 
during the past year by the Corps (U.S. Army Corps or Engineers, NY, 
1984). The reanalysis evaluated lower scale projects with reduced 
berm widths, with and without the construction ot additional groins. 
The alternate pJ. ans are summarized in Table 9. A feeder beach 
located updritt ot Sea Bright to counteract the erosion problems at 
the study site was also considered. The project most likely to be 
constructed is 2A (U.S. Army Corps ot Engineers, NY, 1984 and 
conversations with the New Jersey Department ot Environmental 
Protection, Division ot Coastal Resources J. Alternative 2A 
stipulates a 15.2-meter berm width at an elevation of +3 meters 
without additional groins but with periodic beach nourishment within 
the study area. This is referred to herein as the "design beach. 11 
As in the originally authorized 1958 project, federal participation 
1n future nourishment projects is to be for a period of 10 years 
t"rom the time the beach is restored to the project dimensions. The 
Corps used a 5-year nourishment interval for the re-evaluation 
study. For the purpose of this study, the federal participation in 
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ruture nourishment projects ia aaa1.111ed to be tvo nourishment ettorta 
at 5-year intervals, starting troa the tiae tbe restoration project 
ia ccmpleted. 
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3. METHODS AND ANAL?SES 
3. 1 Denlopaent ot Sea Lnel Rise Scenarios 
The historic sea level rise due to local effects (Sandy Hook) 
was estillated to be 33 centilleters per century during the past 
century. Assuming local effects remain essentially the same, global 
trends can be acided to the local estillate to develop the total sea 
level rise projection for a given site. The scenarios or future sea 
level were obtained for this study by adding the postulated values 
(Hoffman, et al., 1983) for a given year to the local trend of 0.33 
centimeters per year times the number of years from present. The 
results of the four accelerated sea level rise scenarios are shown 
in Figure 12, along with a linear projection of the recent trend. 
3.2 Selection ot Sea Level Rise Scenarios 
The impacts of two of the four EPA sea level rise scenarios are 
to be investigated. Hoffman, et al. ( 1983) state, "We believe that 
the actual rate of sea level rise is more likely to fall between the 
two mid-range estimates than outside of them. Because the high and 
low scenarios employ more extreme assumptions, neither is likely to 
occur. However, the possibility cannot be ruled out. n Judging the 
H kelihood of the scenarios is beyond the scope of this 
investigation. 1,;hoosing scenarios throughout the range of 
projections is most appropriate. The mid-range high scenario was 
chosen as the upper limit of accelerated sea level rise for this 
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atudy. The lov aoenario vaa chosen aa tbe other lJait or 
aooelerated sea level rise to be in,estigated. Figure 12 shows that 
by the year 2030 the sea level rise tor the low scenario is 
approximately 1.5 times the rise for the projection of the recent 
historic trend. The rise for the mid-range high scenario is about 3 
times the rise for the recent historic projection by the year 2030. 
3.3 Coastal Erosion 
The shoreline recession and beach erosion rates will determine 
the useful lite or any beach nourishment project. Erosion can also 
affect the stability or a coastal structure by undermining the toe 
ot the structure and by increasing the nearshore water depth which 
will increase the limiting wave height at the structure. Two 
conditions ot erosion were investigated tor Sea Bright: ( 1) 
shoreline recession and related beach erosion assuming the existence 
of a beach seaward of the seawall, and (2) erosion/scour at the 
seawall where there is no beach above MLW. This latter condition, 
explained in section 3 .3 .6, will have a greater impact on the 
stability of the seawall. 
The Bruun Rule ( Bruun, 1962) will be used to estimate the 
amount of shoreline recession, hence erosion which might be expected 
as a function of an increase in sea level. The Alpine Ocean Seismic 
Survey ( 1983) sediment sample data indicate the existence of very 
little fine sediment; typically, less than 1-2 percent by weight is 
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aub-aand aize. FrOll a isediment aize standpoint, the Bruun Rule aa 
preaented in 1962 is quite appropriate tor ap;lication at Sea 
Bright. Later modifications ot the Bruun Rule which incorporate the 
loss ot sub-sand size particles need not be employed. 
Several assumptions must be noted in the application ot tbia 
idealization of shoreline response. Tbe sand supply to an area is 
assumed to be uninterrupted. That is, there is no gradient ot 
longsbore transport within the study area and the volume ot sand 
leaving the site is balanced by the volume of sand entering. This 
results in an equilibrium prof1le that is assumed to keep pace with 
a sea level rise. The beach profile (Figure 13) is shifted upward 
an amount S, equal to the sea level rise, and landward a certain 
distance l,;Onservation of sediment dictates that the 
equilibrium profile not change form out to some limiting depth, 
d. Referring to Figure 13, the shoreline recesssion, Llx , is then 
given by 
SB 
Llx = (h+d) (1) 
where Bis the distance offshore to the limiting depth d, and his 
the berm height. The amount of erosion per unit length of shoreline 
is given by SB. Estimates of d,B,h, and S must be obtained before 
applying this method. 
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3.3.1 Representative Beach Protile 
Any beach response model requires that a representative beach 
profile be developed. Using the data obtained from the Alpine Ocean 
Seismic Survey report, the tour transects were first plotted using 
the seawall as a common origin (Figure 1")· Where the location ot 
the seawall was not indicated by the data (lines 9 and 10), the 
distances along the profile lines were estimated by scaling from the 
base map, Figure ij. Since transect number 10 is located where there 
is no seawall, a seawall was assumed at the intersection or the 
prof1le line and a line connecting the seawall just to the north 
with the seawall just to the south. Figure 11' is appropriate tor 
illustrating the present beach conditions seaward of the seawall. 
Transect number 9 could be assumed representative of approximately 
60 percent of the present shoreline within the city of Sea Bright. 
The beach conditions near the public beach area of Sea Bright might 
be represented by profile line number 10. 
To adopt an average profile for use in this study the transects 
were plotted using MLW as a common origin (Figure 15). MLW was 
assumed to occur at the seawall for transect number 9. This is 
based on a statement from the Alpine Ocean Seismic Survey report: 
"Even though we attempted to do this line shortly after low tide, 
the surf was pounding on the rocks and 1 t was not possible to judge 
the depth of the water or the location of the foot of the wall." 
Considering this, an average profile was then drawn through the 
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plotted data. The coordiaatea ot tbia ropreaentative protile are 
presented in Table 10. 
3.3.2 Deptb or S1gn1t1cant S.diaent Transport 
When applying tne Bruun Rule it is necessary to define the 
water depth, d, that limits the significant transport or sediment. 
Once this limiting depth is estimated, the distance offshore, B, to 
this depth contour can be obtained from bathymetric data. A method 
presented by Weggel (1979) was used to estimate the depth, d. 
The method assumes the profile data can be described by an 
exponential decay function or the form 
-ax y - y = de 0 (2) 
where y is the vertical coordinate, xis the horizontal coordinate, 
y
0 
is a datum adjustment factor that is established by trial and 
error, dis the depth of significant sediment transport, and a is an 
empirical coefficient describing the rate of increase in water depth 
with distance offshore (Wegge!, 1979). Using the data from the 
representative profile, this trial and error procedure is shown in 
Table 11 and plotted in Figure 16. 
The value of y was found to be -11.3 meters. They-intercept 
from Figure 16 indicates a significant transport depth d of 
approximately 9 meters. The value of a is the slope of the line 
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round to be 0,00225, Tbua, equation (2) may be written aa 
y + ll.J • 90-0.00225x (3) 
Equation (3), along witb tbe average profile, is plotted in Figure 
17. There is very close agreement between the two profiles beyond a 
seaward distance of approximately 150 meters. lbe nearahore 
ditrerence results from the presence of groins that create an 
artificial profile with a steeper near.shore slope compared to a 
natural profile assumed by the Weggel method. Since tbe objective 
of this procedure was to obtain an estimate of d, the nearsbore 
discrepancies were neglected. 
The estimate of 9 meters for the depth of significant .sediment 
transport is close to reported values. The u. s. Army Coastal 
Engineering Re.search Center (1975) suggest typical values of d 
ranging from 5 to 18 meters. They also suggest using the depth 
wnere maximum wave-induced bottom velocities begin to exceed 0.15 
meters per second. From this approach, d might vary between 7 and 
12 meters. Since the estimate of 9 meters is close to these 
suggested values, it is applicable for Sea Bright. 
The distance offshore, H, to the depth of significant sediment 
transport can be estimated. Figure 15 shows that this distance 
varies between 425 and 1100 meters. Since the estimate of d was 
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obtained by uaing the average prorile, the average prorile vaa uaed 
to eatillate B. Froa Figure 17, tbe value or B 1a round to be 625 
meters. 
3.3.3 Rates or Sea Level Rise 
The rate of sea level rise is alao needed to apply tbe Bruun 
Rule. Figure 18 shows the ratea or sea level rise for the aid-ranae 
high and low scenarios. 
3.3.• Recent AYerage Erosion and Sboreline Recession Rates 
An average erosion rate or 3b, 700 cubic meters per year was 
estimated for Sea Bright based on the Corps (19b4) analysis of beach 
transect data which was collected 30 years apart C 1953 and 1983). 
An average shoreline recession rate of 0.38 meters per year was also 
established. These recent historic average rates can be thought of 
as the sum of two independent phenomena, one occurring due to the 
long-term effect of sea level rise and one due to the short-term 
effects of wave attack. Using the Bruun Rule with the recent 
historic rate of sea level rise of 0.45 centimeters per year and a 
value of B of 625 meters, the erosion per meter of beach due to sea 
level rise is 2.81 cubic meters per year. Considering the 6 .05 
kilometers of shoreline in Sea Bright, the historic erosion due to 
sea level rise is estimated to be 17,000 cubic meters per year, 
implying an erosion rate of 19,700 cubic meters per year which can 
be attributed to the effects of wave attack. Inherent in this 
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reaJ..dual value are the etteats ot man which 11ay include the 
construction or groins or Jetties which interrupt the sand supply, 
thus creating a derici t in the sediment budget which could induce 
erosion. Through a similar analysis using the Bruun Rule, the 
recent average shoreline reces:sion rate due to sea level rise is 
round to be 0.19 meters per year. This results in a shoreline 
recession due to wave attack or 0.19 meters per year. 
Allen (1981) reports a value ot erosion due to sea level rise 
ot 3100 cubic meters per year at Sandy Hook for the section be 
detined as seglDent 1. This translates into an average erosion rate 
of approximately 1.5 cubic meters per year per meter of beach. Tbe 
estimate of 2.81 cubic meters per year per meter of beach is about 
twice the value reported by Allen. Considering the different 
morphological influences affecting Sandy Hook and Sea Bright, these 
values are anticipated to be of the same order; however, a factor of 
2 or 3 would not be uncoD1Don ( personal contact with Dr. James 
R. Allen, 198~). 
For the purpose of this study, the present day wave climate at 
Sea Bright is assmed to hold constant for the next century. 
However, it is recognized that this assumption is not totally valid. 
The cause of the accelerated sea level rise is a change in the 
earth's climate. This changing climate will have an impact on the 
winds producing the waves that reach the shoreline. 
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Dean (1983) presents an analysis that predicts the inar1aae 1n 
erosion potential as a runotion or a given sea level rise. The 
erosion potential increases as a result or an increase in the 
erreative wave height due to a reduction in bottom friction as tbe 
water depth increases with the sea level rise. Using extreae 
conditions of wave height (lls =3.7 m) and sea level rise (mid-range 
high or 255 cm), the erosion potential was round to increase only 
5.3 percent by the year 2100. The erosion due to wave attack, tor 
tbe mid-range high scenario, might be expected to increase from 
19,700 to 20,700 cubic meters per year by the year 2100. This 
increase of 1000 cubic meters per year is minimal even when compared 
to the present day average total erosion rate of 36,700 cubic meters 
per year. Hence, the erosion due to wave attack was ass1111ed 
constant with a value of 19,700 cubic meters per year. 
3.3.5 Future Erosion and Shoreline Recession Rates 
Using the rates of sea level rise t'rom Figure 18 and the value 
of 625 meters for B, the amount of erosion due to sea level rise was 
predicted for any given year. The 19,700 cubic meters per year for 
wave attack was added to this prediction to obtain an estimate of 
the total amount of erosion. These future erosion rates for the 
mid-ranr:e high and low sea level rise scenarios are shown in Figure 
19. A similar analysis was used to predict the future shoreline 
recession rates. The shoreline recession rates from the Bruun Rule 
were added to the constant value of 0.19 meters per year to obtain 
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tbe total shoreline recession rates presented in Figure 20. 
Iaplioi t in these predictions is the existence ot a sandy beaob as 
the source ot the eroded material. 
3.3.6 Future Erosion at tbe Seawall Toe 
A different approach must be taken when there is no beach 
seaward of the seawall. Once the berm has eroaed to the seawall, 
there is no longer a source of sand available to meet the 
requirements for an equilibrium profile as sea level rises. 
However, there will be profile adjustments owing to scour near the 
seawall toe. The amount of scour will affect the stability of the 
seawall armor uni ts. The volumetric amount of erosion becomes less 
due to the lack of sand available. 
Dean and Maurmeyer ( 1983) present a method to estimate the 
scour at the seawall toe as a function of an increase in sea level 
( Figure 21 ) • There is a volumetric balance between eroded and 
deposited sediment seaward of the seawall assuming the profile fits 
the form 
h(x) = Ax2/3 ( 4) 
where his the water depth with respect to a seaward distance x, A 
is a scale factor primarily dependent on sediment size 
characteristics, and m is a shape factor found to be about 2/3. 
27 
uean l1983) presents a relationship between the scale parameter, A, 
and the sand diameter. Using the mean sand grain diameter of 0.44 
mm from the Alpine Ocean Seismic Survey data (1983) (U.S. Army Corps 
of Engineers, NY, 19811), an estimate of A 1s 0.14. This yields an 
equation for the profile of 
h(x) • 0.14 x213 (S) 
Figure 22 shows this equation along vi th profile line number 9 
and the average profile previously developed, but with HLW occurring 
at the seawa.1.1. As stated earlier, line number 9 could be 
representative of the present conditions seaward or approximately 60 
percent of the seawaJ.l. It is reasonable to assume that this 
profile might be indicative or the future conditions after the berm 
from a nourishment project has eroded to the seawall. It is also 
conceivable that the future conditions might be represented by the 
average profile, but with MLW occurring at the seawall. Equation 
C 5) was overlain to obtain a representation for the conditions 
without a beach seaward of the seawall. For this analysis, the 
seaward face of the seawall was assumed to be vertical. As with the 
Wegge! approximation earlier, there is also a difference in the 
nearshore slope between equation (5) and the representative profile 
established from recent beach transect data. The difference co1:.1.d 
be attributed to the artificial profile resulting from the 
28 
oonatruotion ot groins within the study area. 
Using this beach profile model, Dean and Haurmeyer•s method was 
used to estimate the profile changes seaward of the seawall as sea 
level rises. This was done tor two conditions tor each of the two 
selected sea level rise scenarios: ( 1) do nothing ( i.e. no shore 
protection works beyond those currently existing), and (2) after the 
berm trom the currently authorized project will have eroded to tbe 
seawall (assuming the project is illplementedJ. The profile 
responses for the •do nothing• condition are shown in Figures 23 and 
2Ji for the low and mid-range high scenarios, respective.Ly. The 
average volumetric loss of sediment per meter of shoreline for tbe 
low scenario over the next century is approximately 0.27 cubic 
meters per year. For the mid-range high scenario, this rate is 
about 0.33 cubic meters per year. These rates were determined by 
estimating the nearshore volumetric difference between the present 
prol'ile and the profile in the year 2100. 
For the second condition it was assumed that the currently 
authorized project was •in place• in 1985, the maintenance 
nourishment projects were performed, and the design berm width of 
15.2 meters existed in the year ~Ouu. In~egrating the total 
shoreline recession curve (Figure 20) for eacb scenario from the 
year 2000, the year in which the 15.2 meter berm will have eroded 
back to the seawall was estimated. The seawall toe scour method was 
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then applied to estiaate the profile reaponaea tor tbe two 
accelerated aea level rise scenar1os. These Nsults are abovn in 
Figurea 25 and 26. The average erosion per meter or shoreline tor 
the low scenario is then approximately 0.21 cubic meters per year. 
For the mid-range high scenario, this rate becomes 0.27 cubic meters 
per year. Tnese volumetric erosion/scour rates are small compared 
to the erosion rates assming the existence ot a sandy beach. 
However, the scour at the seawall toe will affect the stability or 
tbe seawall armor uni ts. 
3., Increased Flooding 
'l'he raised water levels during a storm event are a result or 
several factors: astronomical tide, ini t1al setup, pressure setup, 
wave setup, and Coriolis setup (Sorensen, 1978). Nonlinear 
interactions between these surge components were neglected in 
developing estimates of future flooding as a function ot tbe 
selected sea level rise scenarios. It is anticipated that some of 
the components of the storm surge elevation might decrease with an 
increase in sea level. For example, the wind setup is inversely 
dependent on the water depth for a given wind condition (see 
Sorensen, 1978). Thus, the increase in sea level will lead to a 
decrease in this component. Neglecting the nonlinearities allows 
for the addition of the sea level rise to expected water level 
elevations for a particular storm return period. This results in a 
series of parallel frequency curves for a particular sea level rise 
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aoenario. Using the WIFH frequency curve, the estimated storm surge 
plua tide frequency curves ror the low and mid-range high scenarios 
are abovn in Figures 27 and 28, respectively. 
'lbe frequency curves Just developed are for the open-coast. 
Sea Bright would also be subjected to flooding from the bayside, 
owing to propagation of the tide and storm surge into the bay and to 
discharge from the Navesink and Shrewsbury Rivers. Neglecting these 
discharges and considering the present tide range correction factors 
or 0.62 and 0.36 for the bayside tide prediction at Sea Bright, 
applied to the tide level at Sandy Hook (National Ocean Service, 
1983), the years in which spring tide levels will begin to flood the 
bayside bulkheads were estimatea. For the low scenario, the 
bullcbeads would be subjected to flooding by spring tide around 
2090-2100. However, with the mid-range nigh scenario, spring tide 
will start flooding the existing bayside bullcbeads around 20~0-2050. 
Presently, storm tides with a return interval of about 15 years will 
generally overtop the bayside bulkheads at high tide. 
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3.5 Hainta1D1ag Deaign Beaab 
3.5.1 Required Yoluaea 
An advance t1ll concept was adopted to estimate the quantity or 
sand necessary to maintain the design beach at Sea Bright. 1be 
advance fill is that volume of sand placed seaward of the design 
beach such tnat after a specified amount of time the design beach 
will remain. Using this approach, the design beach is preserved 
whl.le compensating for deficits in littoral material. The volume or 
advance fill required depends on the time interval between 
nourishment projects. The vol\.lDe of borrow material needed to 
establish the advance fill depends on the sediment characteristics 
(grain size and grain size distribution) of the borrow material. 
The overfill ratio (volume of borrow material needed / design 
volume) is an indication of the compatibility between the borrow 
material and native sand. An overfill ratio of 1.0 was assumed 
since it is difficult to predict the sediment characteristics of 
future borrow material. This would represent a minimum volume of 
borrow material required to establish a specil'ied advance fill. 
A 10-year interval between nourishment projects was assumed. 
For a given year and sea level rise scenario, the 10-year advance 
fill volume was estimated by integrating the future erosion curve, 
Figure 19, for the following 10 years. The 10-year advance t"ilJ. 
volumes for the two selected sea level rise scenarios are shown in 
Figure 29. For oxample, eon:sidering the mid-range high sconario in 
the year 2050, approxiaatoly tx10 6 cubic meter:s or r.ouri:.,r.mont :sand 
vill have to be placed in Sea Bright if the beach 1:., to erode only 
to the 2U50 condition:, by the year 20bO. U:sing the linear 
projection of tho recent h1:stor1c :sea level trend leads to a 
constant value ror an advance fill volume over the next century. 
The volume is the pre:sent day average erosion rate, 36,700 cubic 
meters per year, times the interval between nourishment projects. 
Thus, it the recent historic sea level trend were to continue 
throughout tbe next century, the 10-year advance 1·111 volume will 
remain as 3.67x 105cubic meters. 
3.5.2 Costs 
The costs of future nourishment projects are also an important 
consideration. The unit cost of borrow material will depend on the 
voJ.ume of sand needed, availability of the sand, distance between 
the borrow site and nourishment project, and possibly future 
competition for a decreasing supply of readily available suitable 
borrow material. For these reasons, the 1984 unit cost was applied 
to estimate the future costs of maintaining the beach at Sea Bright. 
Table 12 shows these future costs for the two accelerated sea level 
rise scenarios. For comparison, the cost of a 10-year advance fill 
volume using the projection of the recent sea level trend is 
$288,000 (using 1984 unit cost of nourishment sand). The actual 
future cost will increase by a factor caused by normal inflation 
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plua an increase reaul ting rraa the need to aeek other aore 
expensive nourishment sources ( owing to increased haul distances or 
higher overtill ratios). The latter 1a impossible to estimate. 
::s.6 Seawall 
Designing a sate, stable, and functional coastal structure 
requires that water levels that may occur throughout the lite of the 
structure be estimated. The question arises, •should the increaaes 
in water level resulting from the postulated sea level rise 
scenarios be incorporated into the present day design or a coastal 
structure?• This section addresses the effects of the chosen 
accelerated sea level rise scenarios on some design considerations. 
A coastal structure may be subjected to nonbreaking, breaking, 
or broken waves partly depending on the water level at the structure 
s1 te. The breaking wave condition was adopted for design purposes 
in this study along with the 50-year storm surge plus tide 
elevation. The design breaker height will depend primarily on the 
design depth at the structure toe and to a lesser extent on the sea 
floor slope fronting the structure, the incident wave steepness, and 
the distance traveled by the wave during breaking (U.S. Army Coastal 
Engineering Research Center, 1975). As before, the wave climate was 
assumed constant over the next century. However, the design depth 
at the structure toe and the slope will change as the sea level rise 
occurs. The depth changes as a result of two effects: (1) increase 
1n aea level, and (2) lowerina and tlattenina or the profile due to 
scour at the :seawall. 
3.6.1 Design Vawe Heigbta 
Depth-limited breaking wave criteria (U.S. AnDy Coastal 
Engineering Research Center, 1975) were used to estimate the design 
wave heights over the next century for the cho:ien sea level rise 
scenarios. 'lbe 50-year return interval water levels, Figures 27 and 
28, were used in conjunction with the scour depth estimates seaward 
of the seawul, Figures 23-26, to establish the design conditions 
for any given year. The wave that would break on the structure was 
then taken as the design wave. A wave period or 9 seconds was used 
since the hindcast significant wave data ( Jensen, 1983) indicated 
&bat the larger (storm) significant wave heights tended to 
approximate this period. It is likely that the breakers will be 
generated by a typical storm that might affect the Sea Bright 
coastline. Using deepwater wave forecasting curves (U.S. Army 
Coastal Engineering Research Center, 1975), a wind speed of 74 
kilometers per hour, and a fetch length of 185 kilometers, a 
significant wave height of 4 .8 meters with a period of 8 .8 seconds 
will be generated if the wind blows for a duration of 1 O hours. 
Assuming the wave spectrum fits the Rayleigh distribution function, 
H1 would be about 8 .o meters. These are deepwater wave conditions, 
and as noted earlier, the nearshore wave heights would probably 
vary. Figure 30 shows the future design wave heights for two 
ooadlttona tor each or the tvo aea ltHl riae aoenarioo: (1) do 
nothing, and (2) atcer the berm rroa the currently authorized 
project will have eroded to the seawall. 
3.6.2 &r.or Stone Stability 
The typical :seawall Deotion, Figure 6, indicates tbat tbe 
quarrystone anaor uni ts of the existing seawall range in weight rrom 
5.4 to 8.2 metric tons. The U.S. Army Coastal Engineering Research 
Center ( 1975) reco11111ends a rock size range for the priJ:lary cover 
layer of a rubble structure or 0.75W to 1.25W, where Wis the weight 
of an individual a1111or unit. Assuming W of the existing seawall to 
be 6 .8 metric tons, the range or stone sizes is Close to tbe 
recommended range. 
A stability formula tor analyzing the armor units is 
w = 
3 
~(Sr - 1) cot a 
(6) 
where W is the weight of an individual a1111or unit, w is the unit 
weight of the armor unit, H is the design significant wave height, 
Sr is the specific gravity of the armor unit relative to either sea 
water or fresh water, cot e is the structure slope in degrees from 
horizontal, and Kn is a stability coefficient that varies primarily 
with shape, roughness, and degree of interlocking of the armor 
units. Kn is assumed to nave a value of 2.6 (estimated from U.S. 
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Any Coastal Engineering Research Center, 1975), Since W 1a known, 
the design significant wave heigbt tor tbe exinJ.ng seawall was 
round to be 3 .4 meters. 
3,6,3 D ... ge to Eld.sting Seawall 
Anticipated damage to the existing seawall was estimated tor 
the two sea level rise scenarios tor the •do nothing• condition and 
the condition following erosion ot the berm from the currently 
authorized project. Damage was not considered tor the case or 
maintaining the design beach seaward or the seawall because it the 
beach is maintained the higher waves will break oft.shore and not 
directly on the seawall. 
The wave height calculated from equation ( 6) represents a no-
damage condition (i.e. Hn=O ), although this actually corresponds to 
Oto 5 percent damage. This was defined as •some damage• for use in 
this study. The percent damage is based on the volume of armor 
units displaced from the zone of active armor unit removal for a 
specific significant wave height. This zone extends from the middle 
of the crest down the seaward face to a depth equivalent to one 
zero-damage wave height below the stillwater level (U.S. Army 
Coastal Engineering Research Center, 1975). Tne amount of damage 
would increase if higher waves were to attack the seawall. A wave 
height of about 4 .5 meters, Ho=20 , would cause approximately 20 
percent damage to the existing seawall (from Table 7-7, u. s. Army 
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coastal Engineering Research Center, 1975). 
•1ntermec:hate damage.• •serious damage• 
approximately 40 percent, was also considered. 
wave height, Ho•40• of about 5.1 meters. 
Thia vaa detined as 
to the seawall, 
Thia would require a 
The probability of the seawall incurring a certain amount ot' 
damage was investigated. A wave of a given height will break on the 
seawall only when the water depth seaward of the seawall is that 
depth required to initiate breaking. Assuming a wave period of 9 
seconds, the depths required to initiate breaking and the breaker 
travel distances were estimated for the wave heights corresponding 
to the three damage considerations {procedures from U.S. Army 
Coastal Engineering Research Center, 1975). lbe water levels 
required to ensure the breaking depths were then estimated, 
considering the scour estimates at the seawall toe, Figures 23-26. 
The frequency of occurrence of these water levels was obtained from 
1''igures 27 and 28. Figure 31 shows the yearly probability of 
occurrence for the water levels necessary for some damage, 
intermediate damage, and serious damage to the existing seawall if 
no snore protection measures are implemented. Figure 32 shows the 
probabilities for damage after the 15.2-meter berm from the 
currently authorized project will have eroded to the seawall. One 
implicit assumption is that the breaking waves were assumed to occur 
if the water level reached the necessary elevation creating the 
limiting depth. This is valid considering the variance in wave 
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diNotion and wave period tor the waves that approach the Sea Bright 
ooaatline and the tact that a retraction analysis was not performed. 
3.6., Hoditicationa to Elisting Seawall 
1be major function of a seawall is to protect backabore 
develo1111ents from flooding and wave attack during storm events. Tvo 
primary consideratlons in the design of a rubble seawall are the 
crest elevation and the stability of the armor units. Sufficient 
crest elevation will limit the amount of overtopping whereas the 
stability of the armor uni ts will determine if the seawall will 
remain functional when exposed to wave attack. 
The crest elevation of the seawall is determined by the upper 
limit of wave runup on the structure; or 1t can be set at a lower 
elevation by permitting a certain amount of overtopping. The wave 
runup is the vertical distance between the still water level and the 
height to which an incident wave will run up the structure face. 
The runup depends on the structure shape and roughness, the water 
depth at the structure, the sea floor slope fronting the structure, 
and the incident wave characteristics (U.S. Army Coastal Engineering 
Research Center, 1975). Typically, the high costs of building 
rubble structures prohibits the design for no overtopping during 
large storms. 
The crest elevation of the existing seawall is not high enough 
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to exolude overtoppJ.ng even during aMual or frequent atorma. 
Aaauming tbe wave runup follows a Rayleigh distribution, the aaount 
or overtopping can be estimated (Figure 7-23, U.S. Army Coastal 
Engineering Research Center, 1977). For the present design wave or 
ll .6 meters from tne so-year surge event, the antic! pated runup is 
about 4.8 meters (estimated from Figure 7-20, U.S. Army Coastal 
Engineering Research Center, 1977) above the design water level or 
+3.7 meters. The runup elevation, +8.5 meters, is higtier tban the 
crest elevation or +6.1 meters for the typical seawall section 
(Figure o). It is estimated tnat bO percent or the waves will 
overtop the existing seawall for the 50-year return interval event 
at present sea levels. Similarily, about 26 percent of the waves 
will overtop the seawall during the 10-year event and 3 percent of 
the waves during the annual event. If the amount of overtopping is 
to be reduced, the crest elevation of the existing seawall should be 
increased. 
The quarrystone armor units of the existing seawall were found 
to be underdesigned for a no-damage design wave, especially where 
there is no beach fronting the seawall. The present day ( 1984) 50-
year design wave height was established as 4.6 meters (Figure 30). 
The quarrystone armor unit required to withstand this design wave is 
16.3 metric tons (from equation 6). However, the existing armor 
units only range in weight from 5.4 to 8.2 metric tons, roughly half 
the size of what is required for the no-damage criteria. The 
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enating seawall abould be upgraded by increasing tbe size ot the 
quarrystone ar11or un1 ta or by using ditterent anaor unit a with a 
ditterent stability coetticient. 
The damage probability curves, Figures 31 and 32, also indicate 
tbe need to upgrade the existing design or the seawall if tbe 
seawall is to adequately protect the barrier island throughout the 
next century. Required modifications to the existing seawall were 
investigated for rive conditioM: ( 1) the 1984 design wave and not 
anticipating sea level rise over the next century, (2) low scenario 
design wave in the year 2100, assuming no beach restoration projects 
over the next century, ( 3) low scenario design wave in the year 
21UO, assuming the currently authorized project was implemented in 
1985, (4) mid-range high scenario design wave in the year 2100, 
assuming no beach restoration projects over the next century, and 
(5) mid-range high scenario design wave in the year 2100, assuming 
the currently authorized project was implemented in 19H5. In each 
case, the required seawall crest elevation and the type and size or 
seawall armor units were evaluated. 
Although the wave overtopping of the seawall could cause 
erosion on the landward side of the seawall along with the flooding, 
it is usually uneconomical to design a crest elevation of the 
seawall for zero overtopping. Hence, various degrees of allowable 
overtopping for the 50-year design event were investigated: (1) 13 
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percent, (2) 30 percent, and (3) 60 percent. Figures 7-20 and 7-23 
rrom u. s. Army Coastal Engineering Research Center ( 1977) were used 
to establish the crest elevation tor an allowable amount or 
over topping. 
Any necessary modifications to the seawall armor units were 
also of concern. The design of underlayers was not considered 
because the present seawall could be used for such a purpose. 
Initially, both quarrystone and concrete dolosse were considered as 
options for use as armor units for any modifications. However, the 
use of quarrystone units was ruled out for several reasons. The 
required size of quarrystone units becomes quite large. For 
example, a 16.3-metric ton quarrystone armor unit is required for 
the present day design wave of 4.6 meters (from equation (6)). The 
required size is 54 .4 metric tons for the mid-range high scenario 
design wave of 6.9 meters in the year 2100. The size of the armor 
layer units can be reduced by decreasing the seaward slope of the 
structure face,. However, the area of the structure face, and thus 
the number of required units for a given length of structure, 
increases. Changes in the slope of the seaward face were 
considered; however, the total required weight and thus cost 
increased because the reduction in stone size was not enough to 
offset the increase in number of uni ts required. The availability 
of the larger quarrystone units is also questionable. The size and 
quantity of stone required could dictate alternate sources of this 
42 
oonatruotion ••terial, tbe coat or wbiob could be highly intluenced 
by hauling distances. FinalJ.y, 1 t is also likely tbat use or tbe 
larger quarry atone uni ta could be limited by the availability and 
capacity or the construction equipment used in hauling and placing 
or tbe armor units. 
Concrete dolosse were considered more appropriate tor use aa 
the armor layer units in future modifications to tbe seawall at Sea 
Bright. '!be units could be formed at Sandy Hook and tben 
transported and placed at the reconstruction site. A stability 
coefficient or 15.8 was assumed for the dolos ( u. s. Army Coastal 
Engineering Research Center, 1984). This is approximately 5 times 
the stability coefficient of the quarrystone units. A slope of 1V: 
1.5H was used for the seaward race of the armor layer. The U.S. 
Army Coastal Engineering Research Center (1984) recommends that this 
slope be substantiated by site specific model tests. F.quation (6) 
was then used to establish the weight of the armor unit necessary so 
that the 50-year breaking wave height was the no-damage wave height. 
The investigations for modifications to the existing seawall 
are summarized in Tables 13-15. Figure 33 shows a schematic of the 
seawall that is applicable to all of the modifications; the crest 
elevation and weight of armor units change as·noted in Tables 13-15. 
As in the cost estimates for beach nourishment, the costs for 
modificatons to the seawall were estimated using 1984 unit values. 
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the ooat ot a single dolos armor unit vaa eatimated aa roUova. Tbe 
preaent coat or concrete required to construct a 11f .5-aetric ton 
doloa 1a about tt,OO. This is 40 percent or the estimated cost or 
$2000 per unit rrom the Manasquan Jetty rehabilitation project. 'lbe 
remaining 60 percent would reflect the cost or rorming, hauling, and 
placing the concrete uru.ts. 'lbus, a ractor or 2.5 was app.Ued to 
the cost or concrete required to construct a dolos to obtain an 
estimate or the total cost ror a single anaor unit. 'lbe number or 
dolosse required for 2 layers over the surface area or the seaward 
race of the structure, per 100 meters of the structure, was 
estimated with the aid of Figure 7-92 from u. S. Army Coastal 
Engineering Research Center (1975). The other costs shown in Tables 
13-15 reflect estimates of adding a concrete cap and stone for toe 
protection. 
3.7 Other Protection Measures 
Non-storm inundation of the land and existing structures will 
result directly from the increase in high tide levels as sea level 
rises. Seepage of ocean water through the seawall and groundwater 
seepage owing to higher water tables will also present flooding 
problems. Seepage through the seawall at high tide and onto the 
lower elevations of Ocean Avenue, the main road in Sea Bright, kOuld 
begin as early as 2015 for the mid-range high scenario. This 
seepage would be delayed until 2045 for the low scenario and to the 
year 2075 if the recent historic sea level trend were to continue. 
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.Lt voUl.d not be teaaible to keep tbe water out by controlling 
For a larger land area Ce. g. Netherlands) a aeries or 
canals and pumped removal or the seepage will keep land that is 
located below sea level dry. For a narrow barrier island with a 
small land area per lulometer or shoreline another method is more 
appropriate. Tnis would be to raise the elevation of the land, 
roads, and other vital structures and utilities on the barrier 
island to maintain a relative elevation above the water levels. The 
cost of these measures were not investigated in this study. 
Raising the barrier island elevation would require the bay.side 
bulkheads to be replaced or upgraded. Considering the relatively 
shorter useful life of timber bulkheads (e.g. 20-30 years), 
designing these structures to remain functional for periods greater 
tnan 20-30 years is not recommendoa. Redesigning the bayside 
bulkheads in 20 year increments over the next century would be more 
appropriate. For example, considering the projected sea level rise 
of 0.25 meters for the mid-range high scenario by the year 2005 and 
a tide correction factor of O .62 for the bay side of Sea Bright, a 
present day design elevation of the bayside bulkheads might include 
an allowance of 0.15 meters to anticipate the future sea level rise 
to the year 2005. Depending on the water depth and piling length 
required, both which will increase as sea level rises, the timber 
bulkheading costs could vary between $230 and $492 per meter of 
bayside shoreline (costs from Sorensen, et al., 1984). 
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4. SOIICAlr or IESULTS 
The impact or tbe low and aid-range bish sea level rise 
scenarios on the coastal works at Sea Bright, NJ, was investigated. 
Tbe increases in beach erosion, as~naing the existence or a beach as 
the source for eroded material, are presented in Figure 19. 
Erosion/scour at the toe of the seawall will also occur where there 
is no beach seaward of the seawa.11. The sea floor prorile changes 
that would occur as a result or the sea level rise scenarios are 
shown in Figures 23-::!6. Tnese changes were estimated for two 
conditions for each sea level rise scenario: ( 1) assuming no shore 
protection works beyond those currently existing at Sea Bright, and 
(2) after the 15.2-meter berm from the currently authorized project 
will nave eroded back to the seawall, assuming the project is 
implemented in 1985. Using the estimates of future beach erosion, 
the quantity and cost of sand necessary to maintain a design beach 
at Sea Brisht over the next century were established and are 
presented in Table 12. 
As sea level rises, land and structure elevations that 
currently are not affected by water levels will begin to be 
inundated or overtopped. 'J.'he increased flooding will result 
directly from the increase in high tide levels as the sea level 
rises and from the increased frequency of which a certain elevation 
will be inundated by storm events. The open-coast stage-frequency 
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Nlatlonahipa are shown in Figure:, 27 and 28 tor the low and aid• 
range high scenarios, respeoUveJ.y. The high tide elevat1on11 on tbe 
bayaide range between 0.36 and o.62 tiaes the open-coast higb tide 
value. 
1be existing seawall design wu analyzed tor armor atone 
stability and the amount or allowable overtopping. The crest or the 
seawall is at an elevation such that during a SO-year return 
interval event with present sea levels, approximately bO percent ot 
the waves will overtop the structure. Figures 31 and 32 present the 
changes in yearly probability of some damage, intermediate damage, 
and serious damage to the existing seawall as a function of the sea 
level rise scenarios investigated. 
Possible modifications, and the costs of these modifications, 
for upgrading the existing seawall are shown in Tables 13-15. Tne 
modifications address the changes in armor units and crest 
elevations for five different design considerations. Three degrees 
of allowable overtopping were investigated for each of the five 
design conditions. 
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~. DISCUSSIONS AID COlfa.USIOIS 
It the city or Sea Bright, New Jersey, is to remain in its 
present location throughout the next century, extensive coastal 
engineering works will have to be implemented tor both or the 
accelerated sea level rise scenarios investigated. The necessary 
projects include upgrading or the existing seawall and bayside 
bulkheads, maintaining a protective beach seaward or the seawall, 
and actually raising vital land, road, and utility elevations on the 
barrier island. However, there is quite a difference in the extent 
and tJJDes at which the works would have to implemented between the 
low and mid-range high scenarios. The results of this study can be 
utilized to try to rormUJ.ate answers to the two basic questions 
presented earlier: ( 1) Considering the typically long lifetimes of 
many coastal projects, should a present design incorporate an 
allowance for the accelerated sea level rise projected for the 
future? and (2) Considering the range of possible values of the 
future sea level, how valuable is it to more accurately predict the 
future trenas? Answers to these questions must be developed 
simultaneously and will ultimately be dictated by economics, 
comparing the benefits obtained to the construction costs of a 
coastal engineering project. 
If the anticipation of sea level rise is to be used as a 
planning aid, the range of future projections should be decreased. 
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l'or exuple, the 10-year advance till volume and 1984 cost required 
to maintain a beach in the year 2000 tor the mid-range high scenario 
1a 1.6 times the corresponding estimates for the low scenario and 
1.9 times the estiJDates 1f the recent historic trends were to 
continue. Similar differences be tween the results from the two 
scenarios were found when studying the effects of sea level rise on 
the seawall. The yearly probability or serious damage (40 S) to the 
existing seawall for the mid-range high scenario becomes greater 
than the yearly probability of intermediate damage (20 S) for the 
low scenario around the year 20~0. The estimates for required 
upgrading also differ significantly between the two scenarios. Once 
the range of projections for the future sea level decreases, the 
answer to question number ( 1) will become more meaningful. 
This study concentrated on the extent and costs of coastal 
engineering works that would be required over the next century at 
Sea Bright. However, the benefits obtained from the construction or 
maintenance projects were not considered. This is an area for 
future research, which should investigate the economic feasibility 
of designing coastal projects now with an allowance for the 
projected future sea level rise. For example, if the seawall is 
upgraded, it might be more economical to set the crest at a lower 
elevation, allowing a higher percentage of storm overtopping and 
damage, as opposed to setting the crest at a higher elevation to 
minimize storm damage backshore. When the costs required to 
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uJ.ntain the coastal atructurea becoa• greater than the benefits 
obtained, the aiapl• aolut1on would be abandoment or the barrier 
island. 
Another Naearob rec01111endation 1a an inventory or poaaible 
sources ror aui table beach nouriament aand. Tbe availability or 
suitable sand could dl.ctate a ruture course or action (e.g. 
construct a protective beach seaward or the seawall or upgrade tbe 
seawall). Tbe course or action will probably be determined by the 
coat or tbe alternatives. Tbe coat or a nouriament proJeot may 
increase due to a larger required volume or leas suitable sand or 
owing to increaaed distances between borrow areas with suitable sand 
and the nourishment s1 te. 
~o 
·TABLES 
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ESTDIATES OF GLOBAL SEA LEVEL RISE 
(cm per century) 
Author 
Thorarinsson (1940) 
Gutenberg (1941) 
Kuenen (1950) 
Usitzin (1958} 
Wexler (1961) 
Fairbridge and Krebs (1962) 
Hicks (1978) 
Emery (1980) 
Gomitz, et al. (1982) 
Barnett (1983) 
Estimate 
> 5 cm 
11 ± 8 cm 
12 to 14 cm 
11.2 ± 3.6 cm 
11.8 cm 
12 cm 
15 cm (U.S. only) 
30 cm 
12 cm (10 cm excluding long-
term trend) 
15 cm 
Sources: Adopted from Barnett (1983) and Hicks (1978) 
TABLE 1: Global Sea Level Rise (from Hoffman, et al., 1983) 
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VI 
w 
,, 
2000 2025 2050 2075 
High 17.1 54.9 116.7 211.5 
Mid-Range High 13.2 39.3 78~9 136.8 
Mid-Range Low 8.8 26.2 52.6 91.2 
Low 4.8 13.0 23.8 38.0 
TABLE 2: Accelerated Global Sea Level Rise Scenarios, cm (Hoffman, et al., 1983) 
Ii:· 
2100 
345.0 
216.6 
144.4 
56.2 
", 
TOP ~;IJ,:V,\TION (Ml.\~) TOP 
TYl'E OF INNEK mrrEK Wll>l'II U:N<:1"11 HAI< 
<:tW IN // CllNSTKLJCTI ON (m) (m) (m) (m) HlJl L'f CONIHTll>N 
- ··--·· - -- ---------------
S~:A BRIGHT KLIIUII.E ].4 2.4 1. 7 53 FAik 
2 KUIIIILE 2.4 2.1 4.3 61 )%0 GOUD 
3 KUBHLE 2.4 2.1 4.3 61 1960 GOOD 
4 SHEET PILE 52 FAIR 
5 SIIEET PILE 52 POOR 
6 RUBBLE 2.4 2.1 4.3 76 1960 GOOD 
7 RUBBLE 2.4 1.8 21 POOR 
U1 8 RUBBLE 4.6 2.6 2.4 122 1930 GOOD 
.i:-
9 RUBBLE 4.2 4.5 2.7 152 GOOD 
10 RUBBLE 4.4 4.3 2.4 122 1928 POOR 
11 RUBBLE 4.6 2.1 4.6 183 GOOD 
12 RUBBLE 5.5 2.1 3.7 183 1925 POOR 
13 RUBBLE 37 FAIR 
14 RUBHI.E 2.4 2.1 1. 8 88 FAIR 
15 RUBBLE 3.4 2.4 4.3 46 FAIR 
16 RUBBLE 3.4 2.7 3.0 61 POOR 
TABLE 3: Summary of Existing Groins in Sea Bright (Adapted 
from U.S. Army Corps of Engineers, NY, 1984) 
AZIMUTH STARTING C00RD[~AT£S 
81°00' N 570,531.8 E 2,192,146.4 
DISTAHCE(~TERS) DEPTH(METERS) below m.w 
32.6 FOS 2.92 
54.6 l.64 
72.5 0.02 
79.2 
-0.68 
109.4 
-2.32 
183.2 
-4.49 
247.8 
-5,28 
310.9 
-5. 77 
373.0 
-5.98 
434,3 
-6.29 
493,4 
-6.53 
550,4 
-6.65 
606.5 
-6.87 
661. 7 
-6.95 
712.6 
-7.17 
765.6 
-7. 26 
820.5 
-7.54 
877.2 
-7.63 
932. 3 
-7 .84 
986.3 
-7.99 
1040.5 
-8.24 
1096.0 
-8.33 
1141. 4 
-8.54 
FOS ~ Foot of Seawall 
MLW a Mean Low Water 
TABLE 4: Beach Transect Number 8 (Alpine Ocean Seismic Survey, 1983) 
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AZIMUTH 
82°04' 
DISTANCE(METERS) 
84.l 
139.6 
187. 7 
238.0 
292.3 
351.1 
403.5 
457.5 
506.6 
552.3 
578.2 
TABLE 5: 
STARTING COORDINATES 
N 565,582.5 E 2,192,641.9 
DEPTH(METERS) below ~LW 
-3.03 
-4.27 
-4.98 
-5.25 
-s. 71 
-6.23 
-6.59 
-7.11 
-7.38 
-7. 78 
-7.93 
Beach Transect Number 9 (Alpine Ocean Seismic Survey, 1983) 
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AZIMUTH 
90°09' 
DISTANCE(METERS) 
39.9 B 
61.6 
100.0 
126.8 
134. 7 
200.9 
267.0 
330.1 
400.5 
466.9 
STARTING COORDINATES 
N 560,878.3 E 2,192,914.6 
DEPTH(METERS) below MLW 
3. 71 
. 1. 73 
-0.01 
-1.17 
-1. 71 
-4.24 
-5.89 
-6.38 
-7.87 
-8.33 
B = BERM 
TABLE 6: Beach Transect Number 10 (Alpine Ocean Seismic Survey, 1983) 
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AZIMUTH 
92°00' 
DISTANCE(METERS) 
101.8 FOS 
110.6 
137.8 
154.5 
192.9 
260.6 
335.9 
408.1 
474.6 
558.4 
STARTING COORDINATES 
N 554,797.5 E 2,193,019.7 
DEPTH(METERS) below MLW 
2.34 
1.42 
0.48 
-0.28 
-2.26 
-5.40 
-6.80 
-7.75 
-8.51 
-8.88 
FOS • Foot of Seawall 
TABLE 7: Beach Transect Number 11 
(Alpine Ocean Seismic Survey, 1983) 
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PkOJEC'I' COS'f 
TOTAL COST 
CAPSTONE 
(per nll!tric ton) 
CORES'l'ONE 
(per metric ton) 
CONCkETE 
(per cubic meter) 
REHANDLED STONE 
(per cubic meter) 
(1978) (1979) (1983) 
$118,614.00 $209,770.00 $35,704.50 
$20. 91, $22.05 $27.00 
$20.94 $22.05 $24.47 
$85.03 $9s:u $130. 81 
$15.70 $13.08 $32.70 
.. .-.-
.TABLE 8: Unit Cost Informat~on (From New' Jers,ey Depart~ent 
of Environmental Protection, Division of 
.Coastai: iies~_urces) · · · 
(1984) 
$167,095.00 
$30. 31 
$23.14 
$130.8) 
$14.13 
ALTEIU~ATE PROJECT BERM NUMBER OF PIA, LOCATION LENGTH (m) WIDTH (m) GROINS 
1A SB & MB 8630 30.5 0 
18 SB & NB 8630 30.5 28 
2A SB & ~m 8630 15.2 0 
28 SB & MB 8630 15.2 24 
3A SB & MB 8630 9.1 0 
38 SB & MB 8630 9.l 24 
* 4 SB 1830 15.2 5 
. 
* 5 MB 1220 30.5 4 
SB = Sea Bright 
MB = Monmouth Beach 
* = pocket beaches at municipal beaches only 
TABLE 9: Alternate Plans for Reanalysis Study (U.S. Army Corps of Engineers, NY, 1984) 
60 
DISTANCE(METERS) DEPnl(METERS) below MLW 
0 +3.2 
so 0 
100 -2.6 
150 -4.4 
200 -5.6 
250 -6.3 
300 -6.7 
350 -7.3 
400 -7.7 
450 -7.9 
500 -8.2 
550 -8.4 
600 -8.7 
650 -8.9 
700 -9.l 
750 -9.3 
800 -9.5 
850 -9.7 
900 -9.8 
950 -10.0 
1000 -10.2 
1050 -10.4 
1100 -10.6 
TABLE 10: Representative Beach Profile Data 
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DISTANCE DEPTH 1st 2nd 3rd 
OFFSHORE below MUI Approx. Approx. Approx. 
(m) (m) (m) (m) (m) 
0 3.2 13.8 14.4 14.S 
so 0 10.6 11.2 11.3 
100 -2.6 8.0 8.6 8.7 
150 -4.4 6.2 a.a 8.9 
200 -5.6 s.o 5.6 S.7 
250 -6.3 4.3 4.9 s.o 
JOO -6.7 3.9 4.5 4.6 
350 -7.3 3.3 3.9 4.0 
400 -7. 7 2.9 3.5 3.6 
450 -7.9 2.7 3.3 3.4 
500 -8.2 2.4 3.0 3.1 
550 -8.4 2.2 2.8 2.9 
600 -8.7 1.9 2.5 2.6 
650 -8.9 1. 7 2.3 2.4 
700 -9.l 1.5 2.1 2.2 
750 -9.3 1.3 1.9 2.0 
800 -9.5 1.1 1. 7 1.8 
850 -9.7 0.9 1.5 1.6 
900 -9.8 0.8 1.4 1.5 
950 -10.0 0.6 1.2 1.3 
1000 · -10.2 0.4 1.0 1.1 
1050 -10.4 0.2 0.8 0.9 
1100 -10.6 0 0.6 0.7 
l_. +10.6 _J l. +o.6_j L +o.1_j 
TABLE 11: Calculation of Profile Approximation 
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I.OW MID-RANGE HIGH 
YEAR 10 YK ADVANCE FI LI. COST 10 YR ADVANCE FILL COST 
j 
( Ill } (m 3) 
1985 ]90,000 ),061,500 490,000 3,846,500 
1995 415,000 3,257,750 640,000 5,024,000 
2005 440,000 3,454,000 730,000 5,730,500 
2015 455,000 3,571,750 780,000 6,123,000 
2025 470,000 3,689,500 840,000 6,594,000 
2035 485,000 3,807,250 920,000 7,222,000 
°' 
2045 505,000 3,964,250 1,020,000 8,007,000 l.,J 
2055 530,000 4,160,500 1,120,000 8,792,000 
2065 555,000 4,356,750 1,240,000 9,734,000 
2075 585,000 4,592,250 1,365,000 10,715,250 
2085 620,000 4,867,000 1,510,000 11,853,500 
*Note - costs were calculated using the 1984 unit cost of fill material 3 ($7.85/m) 
TABLE: 12: Co_sts fo~ -~intain_ing a Design Beach at Seg Bright 
Wl.'ight of Crest Design Oolos Elev.at ion CllS[ w.1ve Rcqui red Above MLl4 of S,:c.m.ario lh.'l uh t ( m) (metric ton) (1984) Dolosse Other Costs 
Present 4.6 ,, .2 8.5 482 128 D.1:1 (1984) 
Low (2100) 5.5 7.2 10. l 684 205 
Low (2100) 5.1 5.6 9.9 600 195 (After CAP) 
Mid-Range 6.9 14. 1 13.4 1065 365 High (2100) 
Mid-Runge 6.4 11.2 13.0 965 346 lligh (After 
CAP) 
CAP = Currently Authorized Project 
Costs are thousands of dollars per 100 meters of structure. 
TABLE 13: Possible Modifications to the Existing Seawall -Allowable Overtopping of 13 percent 
Tota I 
Cost per 
100 m 
6JO 
889 
795 
1430 
1311 
Crest 
DcslJtn Oolos ~:lcv11t lun Cus t 
WilV'-' Required Above MI.W of 
Scen.arlo llcisht(m) (metric ton) (J 984) Dolosse Other Costs 
- -
Present 4. (> ! • • ! 7.5 426 71.J 1>.1y ( J 984) 
Luw (2 JOO) 5.5 7.2 9.0 610 J 52 
I.ow ( 2100) 5.1 5.6 8.8 532 142 
(After CAP) 
Mid-Range 6.9 ll1. l 12.0 951 297 
High (2100) 
Mid-Range 6.4 11. 2 11.6 865 278 
High (After 
CAP) 
CAP = Currently Authorized Project 
Costs are thousands of dollars per 100 meters of structure. 
TABLE 14: Possible Modifications to the Existing Seawall -
Allowable Overtopping of 30 percent 
Totn l 
Cost per 
JOO m 
505 
762 
674 
1248 
1143 
Weight of Crest 
Design Dolos Elevation Cost 
W,1ve Required Above HLW of 
Scenario Hehdat(m) (met rte ton) (1984) Dolosse Other Costs 
Present 4.6 4 ., 
·-
6. 1 346 12 
Day (1984) 
Low (2100) 5.5 7 ., 
·-
7.4 498 74 
Low (2100) 5.1 5.6 7.3 386 70 (After CAP) 
Mid-Range 6.9 14. 1 9.9 781 195 
High (2100) 
Mid-Range 6.4 I J.2 9.6 715 181 
High (After 
CAP) 
CAP = Currently Authorized Project 
Costs are thousands of dollars per 100 meters of structure. 
TABLE 15: Possible Modifications to the Existing Seawall -
Allowable Overtopping of 60 percent 
Total 
Cost per 
100 m 
358 
572 
456 
976 
896 
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